Reckelhoff JF. Low-dose testosterone protects against renal ischemia-reperfusion injury by increasing renal IL-10-to-TNF-␣ ratio and attenuating T-cell infiltration.
THE INCIDENCE OF ACUTE KIDNEY injury (AKI) among hospitalized patients is increasing such that nearly 2-5% of patients in intensive care units are diagnosed with AKI, with mortality rates of ϳ45% (1, 7). Gender differences in susceptibility to AKI are also a factor, since the incidence of AKI is higher in men than women (1, 7) . Animal studies also show that males are more susceptible to renal ischemia-reperfusion (I/R) than are females (15, 22, 26) . Although numerous studies have been performed, the mechanisms by which males are more susceptible to I/R AKI are still unclear.
Studies by Park and colleagues to address the role of androgens were done in female mice given testosterone injections for 14 days that increased plasma testosterone to 75-100 pg/ml before renal I/R (18), a level that would be similar to that of untreated males. They found that plasma creatinine (PCr) levels were significantly increased with renal I/R in these females, implicating androgens as a mediator of AKI in this model.
Based on these findings, we performed previous studies to determine whether the timing of testosterone could impact the response to renal I/R in male rats. Our laboratory found that endogenous plasma testosterone falls to almost undetectable levels in both I/R and sham males within 3 h after reperfusion (24) . By 24 h after reperfusion, testosterone levels were ϳ60% of presurgery levels in shams (390 ng/dl), but remained very low (20 ng/dl) in rats subjected to I/R (24) . In addition, our laboratory found that a single acute dose of testosterone (20 g/kg body wt iv) 3 h postreperfusion reduced PCr, proteinuria, and kidney injury molecule-1, and improved medullary blood flow compared with rats subjected to I/R alone (24) .
In our laboratory's previous studies, we did not evaluate potential mechanisms responsible for testosterone-mediated protection against I/R AKI. The mechanisms thought to play a role in mediating I/R AKI are numerous, but include the roles played by oxidative stress (28) with attenuation of nitric oxide (NO) production (5) , and increase in inflammatory cytokines mediated, at least in part, by an increase in immune cell infiltration (4, 8 -10) .
In the present studies then, our goals were twofold. First, we tested the hypothesis that high doses of testosterone administered 3 h postreperfusion after renal ischemia would not be protective against I/R injury. We anticipated that this study would shed light on why in some studies such as ours testosterone is protective and in others testosterone promotes further renal injury after I/R.
The second goal was to determine potential mechanisms by which low-dose testosterone is protective against renal I/R. Based on studies that NO, inflammation, and immune cell infiltration play roles in mediating renal I/R, we tested the following hypotheses: 1) that low-dose testosterone in part protected against renal I/R injury by increasing renal tissue interleukin (IL)-10 and anti-inflammatory cytokine, and reducing renal TNF-␣ and proinflammatory cytokine; 2) that N G -nitro-L-arginine methyl ester (L-NAME) blockade before I/R would attenuate the protective effect of low-dose testosterone, suggesting that low-dose testosterone may work, in part, by improving NO production; and 3) that low-dose testosterone reduces intrarenal CD4 ϩ and CD8 ϩ T-cell infiltration, thus also causing a reduction in renal inflammation. We also determined whether effector T helper 17 (Th17) cells were present in renal tissue and were reduced by testosterone infusion postreperfusion.
MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats, aged 8 -10 wk (290 -300 g), were obtained from the vendor (Harlan Sprague-Dawley, Indianapolis, IN) and allowed to equilibrate in a temperature-controlled environment with 12:12-h light-dark cycle for at least 1 wk. Rats were allowed ad libitum access to rat chow (Teklad 1% NaCl) and tap water. All procedures were approved by the Animal Care and Use Committee of the University of Mississippi Medical Center and followed the Guidelines for the Care and Use of Laboratory Animals, 2011 edition. Rats were used at 9 -14 wk of age.
I/R AKI surgical procedure. I/R was performed as our laboratory previously described (24) . Briefly, rats were anesthetized using isoflurane, and a midline abdominal incision was made. Renal vessels on both kidneys were exposed and clamped for 30 min. Sham rats had midline abdominal incision and the kidneys exposed. Throughout the surgical procedure, rat body temperature was maintained at 37 Ϯ 0.5°C. During the period of renal ischemia, a catheter was placed in the right femoral vein for testosterone infusion. Three hours postreperfusion, rats received either vehicle (sham and I/R) or testosterone propionate (20, 50 , or 100 g/kg body wt in 0.75% ethanol in 2 ml saline iv) over 10 min. After 24 h recovery, rats were euthanized, blood was collected for PCr levels, and kidneys were collected for IL-10, TNF-␣, and T-cell counts, as described below.
L-NAME pretreatment. To determine whether the protective effect of testosterone was mediated via NO release, rats were treated with L-NAME (1 mg·kg Ϫ1 ·day Ϫ1 ) for 2 days before I/R. I/R was performed as described above in the presence or absence of acute testosterone infusion (20 g/kg) 3 h after reperfusion, as described. Urine collections were taken through the next 24 h to evaluate excretion of urinary nitrate/nitrite (NOx). After 24 h, rats were euthanized, and blood was drawn for PCr, IL-10, and TNF-␣.
PCr was measured using a commercial creatinine kit (Lab Assay, Wako Bio Products, catalog no. 290-65901) by Jaffe's method, according to the manufacturer's protocol, as our laboratory previously described (24) .
Nitrate/nitrite excretion (NOx) was measured in urine from rats subjected to renal I/R that were placed in metabolism cages for the 24 h after reperfusion. Nitrate/nitrite was measured as our laboratory has previously described (11) .
Renal tissue TNF-␣ and IL-10. At 24 h post-I/R, kidneys were removed, minced, and homogenized by Polytron (PT 2100, Elkhart, IN) in ice cold RIPA buffer (1:7 ratio) containing protease inhibitor cocktail (Roche, Indianapolis, IN). Homogenate was then centrifuged at 4°C for 30 min and centrifuged (4°C, 20 min at 12,000 g). Pellet was discarded, and supernatant was saved. Renal protein concentrations in supernatant were measured by Lowry assay. Renal TNF-␣ was measured in renal homogenates using a commercially available kit (R&D Systems, Minneapolis, MN; RTA00), as our laboratory previous described (24) . Data are presented as picograms of TNF-␣ per microgram of protein. Renal IL-10 was measured using a commercially available kit (Quantikine Rat IL-10 ELISA, R&D Systems, Minneapolis, MN), according to the manufacturer's directions, and data are expressed as picograms IL-10 per milligram protein.
Measurement of CD4 ϩ and CD8 ϩ T cells in kidney tissue. At 24 h post-I/R, kidneys were collected and minced on ice with a razor blade, incubated in RPMI-1640 (Invitrogen, Grand Islands, NY) containing 125 U/ml collagenase IV (Invitrogen) and 200 g/ml DNase I, (Sigma, St. Louis, MO) for 50 min at 37°C. Tissue digests were washed with RPMI-1640 and centrifuged at 1,600 rpm for 10 min. Pellets were suspended in RPMI-1640 and pushed through a 100-m sieve (Fisher Scientific). The single-cell suspension was washed with RPMI-1640, centrifuged at 1,600 rpm for 10 min, and then layered over Lymphoprep (Accurate Chemical & Scientific, Westbury, NY). Lymphocytes were isolated according to the manufacturer's directions. Cells (6 ϫ 10 6 ) were incubated with 100 l of either mouse anti-rat-CD4, or -CD8a (BD Biosciences, San Jose, CA) on ice for 30 min. Cells were washed and stained with fluorescein isothiocyanate or phycoerythrin (PE) cyanine 5 (Southern Biotech, Birmingham, AL).
, another subset of cells was stained with mouse anti-rat CD4 and anti-rat CD25 (BD Biosciences) on ice for 30 min. Cells were washed and stained with fluorescein isothiocyanate or PE cyanine 5 on ice for 30 min, followed by another wash step. Cells were next permeabilized with Forkhead box P3 (FOXP3) permeabilization buffer per the manufacturer's directions (eBioscience, San Diego, CA) and incubated with RAR-related orphan receptor-␥ (ROR-␥) conjugated to PE (R&D Systems) and FOXP3 conjugated to Alexa 647 (BD Biosciences). After staining, cells were washed and resuspended in 500 l of FACS buffer (RPMI-1640 or for permeabilized cells Hanks' balanced salt solution ϩ 1% fetal bovine serum, 0.5% 0.5 M EDTA, 0.1 mM sodium azide; pH 7.4) and analyzed by flow cytometry using a Beckman Coulter Gallios Flow Cytometer analyzer. Negative controls, for each rat, were performed using isotype controls matched to the host species of the primary antibody, and cells were treated as described above. The percentage of positively staining cells above the negative control was determined for each rat and averaged for each group [sham, sham ϩ testosterone (20 g/kg), I/R alone, and I/R ϩ testosterone] were calculated.
Morphological studies: light microscopy. Kidneys of rats were removed 24 h post I/R, placed in 10% buffered formalin, sectioned (5 m), and stained with Masson's trichrome. Light microscopic examination of sections from four rat kidneys in each group (35 fields per slide) were examined for necrosis by a renal pathologist (JPG) who was blinded to the groups' identities. Data from kidneys in a group were averaged and are presented as average percent necrosis Ϯ SE.
Analyses of degree of medullary tubular injury. Fluorescence microscopy was performed on the same kidneys, according to the method of Regner and colleagues (21) . For each kidney sample, five randomly chosen outer medullary fields were evaluated using Nikon Eclipse 5Si (Nikon Instruments, Melville, NY) epifluorescent microscope using a 540-to 580-nm excitation filter and a 593-to 668-nm emission filter. Parameter for image capture was constant for all images [focus (fast): 1,280 ϫ 960; capture (quality): 1,280 ϫ 960; mode: manual; exposure: 600 ms; gain: 3.4ϫ, contrast: enhanced]. Following constant background thresholding, the percentage of the area containing fluorescent necrotic tubular epithelium or cast material was quantified using Nis-Elements image analysis software (version 3.03, Nikon Instruments). Data were expressed as percentage, and data for four rats in each group were averaged. Data are presented as average percentage Ϯ SE for each group of rats. Representative photographs were taken (ϫ800 total magnifications to the screen) with Digital Sight-DS2mBW Color Camera.
Statistical analysis. Graphpad Prism 6 was used for statistical comparisons. Statistical comparisons were made by two-way ANOVA. A value of P Ͻ 0.05 was considered statistically significant. All data are expressed as means Ϯ SE.
RESULTS
Body weights. Body weights were similar for all groups in the dose-response study (sham: 326.1 Ϯ 12.1 g; I/R ϩ 0 testosterone: 310.1 Ϯ 25.5 g; I/R ϩ 20 g/kg: 334.5 Ϯ 12.4 g; I/R ϩ 50 g/kg: 329.0 Ϯ 15.1 g; I/R ϩ 100 g/kg: 330.9 Ϯ 14.0 g; P ϭ nonsignificant for all comparisons). Dose response to testosterone. As shown in Fig. 1A , untreated rats subjected to renal I/R had significant increases in PCr compared with sham. As our laboratory showed previously (24) , the dose of 20 g testosterone reduced PCr in rats subjected to renal I/R. In contrast, 50 and 100 g testosterone increased PCr to levels similar to I/R alone. Fig. 1 . Effect of varying doses of testosterone on plasma creatinine, intrarenal IL-10, and TNF-␣, 24 h following renal I/R. As described in MATERIALS AND METHODS, rats were subjected to I/R, and testosterone was given via intravenous infusion at different doses (20, 50, Figure 1B shows light microscopy of medullary region of representative kidneys from each group. As shown in Table 1 , visible evaluation of necrosis in kidneys subjected to I/R showed that I/R alone significantly increased renal necrosis, and, while 20 g/kg testosterone tended to reduce renal necrosis, it was not statistically significant. Doses of 50 and 100 g testosterone were not different compared with I/R alone.
In our laboratory's previous studies (24) , we showed that 20 g/kg testosterone infused intravenously 3 h postreperfusion significantly reduced urinary protein excretion and kidney injury molecule-1 excretion and improved outer medullary blood flow measured 24 h postreperfusion. Based on these data, we evaluated outer medullary tubular epithelial necrosis using a fluorescent technique (21) . Necrotic tubules exhibit Necrosis score was determined by visual evaluation of at least 35 fields in n ϭ 4 kidneys of each group. Data were averaged for each group. 20, 50, and 100 T, doses of testosterone propionate in g/ml 0.9% NaCl given intravenously 3 h postreperfusion. Statistical analyses was done by two-way ANOVA. Significance defined as P Ͻ 0.05: a different compared with sham.
marked autofluorescence compared with intact tubules. Figure  1C shows representative pictures of fluorescence in each group. As shown in Table 2 , medullary autofluorescence was significantly increased after I/R and was reduced in I/R ϩ 20 g testosterone. The dose of 50 g testosterone failed to attenuate the fluorescence as well, and the dose of 100 g testosterone was not effective in attenuating autofluorescence compared with I/R alone. As shown in Fig. 1D , renal tissue levels of anti-inflammatory cytokine, IL-10, were increased by almost twofold compared with sham. Testosterone 20 g and 50 g doses increased intrarenal IL-10 by 60% compared with I/R alone. In I/R rats given 100 g testosterone, renal IL-10 level was increased by 130% compared with I/R alone. As shown in Fig. 1E , renal tissue proinflammatory cytokine, TNF-␣, was increased by ϳ60% in I/R rats compared with sham controls. Testosterone 20 g reduced renal TNF-␣ in I/R rats by 45% compared with I/R alone. In contrast, rats receiving 50 g testosterone failed to reduce TNF-␣ compared with I/R alone, and 100 g testosterone increased TNF-␣ by 25% compared with I/R alone.
NO synthase inhibition and I/R. Rats subjected to I/R had ϳ90% drop in NOx excretion compared with sham controls (see Fig.  2A ). Rats that were pretreated with L-NAME for 2 days and subjected to I/R had a similar drop in NOx excretion and a similar increase in PCr as rats subjected to I/R alone (Fig. 2B) . In rats subjected to I/R ϩ 20 g/kg testosterone without L-NAME pretreatment, NOx excretion was significantly increased, although Autofluorescence analyses of trichrome staining in outer medullary region of kidneys was done in n ϭ 4 rat kidneys of each group, as described in MATERIALS AND METHODS. Data were averaged for each group. not to sham levels, and PCr was significantly reduced compared with I/R alone or L-NAME-treated I/R rats. In rats given L-NAME for 2 days and then subjected to I/R and given 20 g testosterone, testosterone was unable to either increase NOx or reduce PCr. Renal IL-10 levels were increased in I/R rats (Fig. 2C ) and were unaffected by pretreatment with L-NAME. Testosterone 20 g/kg further increased IL-10 compared with I/R alone or I/R ϩ L-NAME. However, in I/R rats pretreated with L-NAME and given 20 g/kg testosterone, IL-10 was reduced to levels even lower than in sham rats. As shown in Fig. 2D , TNF-␣ increased significantly with I/R alone, and pretreatment with L-NAME did not further augment the levels. In rats with I/R ϩ 20 g/kg testosterone, renal TNF-␣ was normalized to the levels found in sham rats. Pretreatment with L-NAME in rats subjected to I/R and given 20 g/kg testosterone resulted in a further reduction in TNF-␣ levels that were even lower than sham.
Effect of testosterone on renal infiltration of T cells. In this study, we evaluated the effect of low-dose (20 g/kg) testosterone on renal T-cell infiltration. I/R significantly increased renal infiltration of both CD4 ϩ and CD8 ϩ T cells compared with sham rats (P Ͻ 0.001 and P Ͻ 0.001; Fig. 3, A and B) . Treatment with 20 g/kg testosterone in the I/R group significantly decreased infiltration of both CD4 ϩ and CD8 ϩ T cells compared with I/R alone (Fig. 3, A and B) . Moreover, administration of testosterone significantly decreased renal Th17 effector cells (Fig. 3C ). However, testosterone had no effect on renal T regulatory cells in rats subjected to I/R (data not shown).
DISCUSSION
In the present study, the following novel observations were made: 1) while 20 g/kg doses of testosterone attenuated PCr, reduced medullary tubular necrosis, as noted by fluorescence microscopy, and tended to reduce whole kidney necrosis (light microscopy) following renal I/R, higher doses (50 and 100 g/kg) failed to protect; 2) one potential mechanism by which low-dose testosterone (20 g/kg) protects against renal injury after I/R may be due to its effect to increase intrarenal IL-10 and reduce TNF-␣, whereas higher doses of testosterone increase IL-10 but either fail to reduce (50 g dose) or further increase (100 g dose) TNF-␣, compared with untreated renal I/R rats; 3) blockade of NO synthesis before I/R prevents testosterone from being able to reduce PCr and renal necrosis and is associated with attenuation of renal IL-10; 4) another potential mechanism for low-dose (20 g/kg) testosteronemediated protection against I/R is the significant reduction of infiltrating CD4
ϩ , Th17 cells, and CD8 ϩ T cells in kidneys of male rats.
The present data support our laboratory's previous studies (24) that low doses of testosterone (20 g/kg) attenuate the elevated PCr in male rats 24 h after renal I/R. However, higher doses of testosterone (50 and 100 g/kg) were ineffective in reducing PCr. Based on our laboratory's previous studies that plasma testosterone is reduced by 90% 3 h post-renal reperfusion in untreated rats (24) , our present data suggest that only small doses of testosterone replacement are protective against I/R injury, and even modest increases in doses of testosterone are detrimental following I/R injury. These new data may explain why Park and colleagues found that sustained injections of male-equivalent doses of testosterone into female mice worsened the injury following I/R (18) . Our laboratory's previous studies characterized the renal consequences of testosterone infusion following renal I/R (24), but did not evaluate potential mechanisms by which testosterone attenuated PCr. In addition, the previous study only evaluated one dose of testosterone. In the present study, we found that testosterone infusion at all three doses (20, 50 , and 100 g/kg) increased the anti-inflammatory cytokine IL-10 in renal tissue of I/R rats. In contrast, only the 20 g/kg testosterone dose significantly reduced renal tissue TNF-␣ compared with in untreated rats subjected to I/R, and the highest dose of testosterone (100 g/kg) significantly increased the levels of TNF-␣ compared with in untreated I/R rats. As shown in Fig.  4A , the ratio of IL-10 to TNF-␣ is not significantly increased in rats subjected to renal I/R. In contrast, the ratio is significantly higher in rats given low-dose testosterone after I/R. High doses of testosterone failed to increase the IL-10-to-TNF-␣ ratios compared with rats subjected to I/R alone. These data suggest that low-dose testosterone infusion provides protection against renal I/R by promoting anti-inflammatory cytokine production and attenuating pro-inflammatory cytokine synthesis, thus shifting the balance to anti-inflammatory status.
Our data also suggest that 20 g/kg testosterone dose may be increasing NO synthesis in the hours after renal I/R, thus protecting against renal injury, as noted by the increase in PCr with testosterone infusion. L-NAME pretreatment attenuated the increase in IL-10 that occurred with testosterone alone after I/R, but also further reduced intrarenal TNF-␣. Thus the IL-10-to-TNF-␣ ratios, shown in Fig. 4B , that were significantly increased with testosterone infusion alone were reduced with L-NAME in testosterone-treated rats to levels similar to I/R alone or I/R ϩ L-NAME alone, causing a proinflammatory effect compared with I/R ϩ testosterone.
Additional support for testosterone causing a reduction in inflammation following renal ischemia can be seen in our data showing that low-dose testosterone reduces the influx of inflammatory T cells, both CD4 ϩ and CD8 ϩ cells, into the kidney. Mechanisms that prevent or attenuate inflammatory T-cell movement into the kidney are protective after I/R (4, 8 -10, 27, 29) . Whether the infiltrated T cells were the source of the intrarenal TNF-␣ and IL-10 is not clear from our present studies. Similarly, Th17 cells secrete the inflammatory cytokine, IL-17, which has also been linked to increased protein levels of TNF-␣ and decreased IL-10. Low-dose testosterone has been demonstrated to decrease infiltrating CD4 ϩ leukocytes and to reduce IL-17 in hepatic injury models (23) . In our study, we demonstrate an important role for low-dose testosterone to significantly reduced total CD4ϩ T as well as intrarenal Th17, which could lead to less inflammation and renal oxidative stress. Furthermore, IL-17 plays a role in contributing to the development of renal I/R injury in mouse models (9) , further supporting a relationship between these inflammatory cytokines and renal injury.
Although not tested in this study, it is possible that testosterone could also be causing renal vasodilation, especially in the renal medulla at a critical time following reperfusion. Testosterone is a vasodilator in numerous vascular beds (12, 17, 19) , and treatment of animals with vasodilators has been shown to protect against renal I/R (3, 25) . Indeed, our laboratory found in previous studies that testosterone causes a reduction in afferent resistance in kidneys using a renal microperfusion preparation (12) . Muroya and colleagues (16) reported that medullary blood flow was reduced to 25% of baseline by 2-3 h postreperfusion after renal I/R in normal rats. Since this is the same time (3 h) that we are giving the acute dose of testosterone after reperfusion, it is possible that testosterone is increasing medullary perfusion and thus causing protection of the kidney in this way, as well as reducing inflammation. Muroya et al. (16) found that the reduction in PCr at 24 h following I/R was prevented in rats in which the medullary blood flow was improved to only 50% of baseline levels by an increase in 20-hydroxyeicosatetraenoic acid. Therefore, even just a small increase in medullary blood flow due to testosterone infusion could play an important role in reducing PCr at 24 h post-I/R. The mechanism by which testosterone causes acute vasodilation in other vascular beds is due to inhibition of calcium channels via the voltage-activated calcium channel and calcium-activated and voltage-sensitive potassium channels (5, 17, 20) , rather than via NO release. However, our data that low-dose testosterone increases NOx and L-NAME attenuates this response and also prevents testosterone protection after I/R suggest a role for NO in renal protection by testosterone. Thus future studies will be necessary to determine whether testosterone improves medullary circulation and the mechanisms involved.
Perspectives
Whether androgen levels are reduced in men prior to development of AKI, thus allowing injury to occur, or whether testosterone levels are reduced once AKI is present, is unknown and should be studied in human populations. It has been well established that a reduction in circulating testosterone levels is associated with increased cardiovascular disease (2, 14) and increased mortality with coronary heart disease (13). If endogenous testosterone levels do decrease early in the development in AKI, and a low dose of testosterone could be found that protected men from worsening AKI, this could be a major breakthrough in the management of AKI in men. Future studies are necessary to determine whether indeed this is feasible.
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